The cell turgor pressure of potato tissue was adjusted by hyper-and hypotonic solutions of mannitol. Tubers of cv. Maris Piper were stored for 12 weeks. Rectangular beams of tissue were subjected to threepoint bend tests and Young's modulus was calculated. Variability in mechanical properties was less when cells were fully turgid. Dimensional parameters suggested that potato tissue is anisotropic. The results indicated the importance of water content when analysing Young's modulus of potato tissue from rectangular beams. Young's modulus proved an adequate mechanical parameter, which, along with dimensional parameters, is suitable for classifying samples of potato in different stages of turgor on the basis of the osmotic adjustment performed. There was evidence of incipient plasmolysis after osmotic adjustment to a concentration of 0.6 M mannitol as supported either by Young's modulus values or by discriminant analysis. Young's modulus measured on rectangular beams was not an adequate mechanical property to detect the effects of storage time over a 12-week period.
Introduction
Changes in the mechanical properties of potato tubers can be primarily attributed to physiological changes which affect structural components (cell wall, middle lamella) and changes in turgor pressure within the cells (which are affected by water loss and membrane integrity) [1] . In order to separate the effect of physiological changes from those associated with water loss, cell turgor pressure of potato parenchyma has been adjusted by hyperand hypotonic solutions of mannitol [1, 2, 3, 4, 5] . The method described by Lin and Pitt [2] has also been used to determine the effect of turgor pressure on puncture and viscoelastic properties of tomato pericarp [6] and fracture toughness of apple tissue [7] . Recently, Bajema et al. [8] proposed adjusting turgor pressure by slightly dehydrating whole potato tubers in air until they lose a certain percentage of their initial mass, reporting the level of turgor in terms of percentage of mass loss.
Changes in rheological properties with cell turgor pressure can provide valuable information regarding the mechanics of tissue failure. Three modes of compressive failure have been documented: cell wall rupture, intercellular debonding, and cell relaxation from the migration of fluids out of the cell [9] . Lin and Pitt [2] showed that when cell rupture is the predominant mechanism of failure, as with potato tissue in compression, high turgor pressure leads to a decrease in tissue strength and rigidity, i.e., less force, deformation and energy are required to induce failure of the prestressed cells. When cell debonding predominates, as with apple tissue, high turgor has the opposite effect. However, Bajema [10] pointed out that mannitol solutions alter potato tissue failure properties and therefore should not be used to adjust turgor in experiments where such properties are relevant.
The effects of storage time on the rheology of potato tissue have been widely studied [1, 3, 5, 11, 12] . However, it is still not known how the rheology of the potato tissue changes during cold storage. This is partly because there is disagreement as to whether measurement of the mechanical properties of plant materials should be performed using large or small deformations. In the case of large deformation tests, the measured value of (for instance) stiffness, is not that of the original structure, because the large deformation has led to irreversible structural disruption. More recently Scanlon et al. [1] and Pang and Scanlon [11] used dynamic rheometry to measure shear stiffness of potato.
On the other hand, most mechanical properties are measured on cylindrical specimens, assuming the potato structure to be isotropic, and therefore its structure and hence mechanical properties are independent of orienta-tion [13, 14] . Brusewitz et al. [3] found that cylindrical potato sample dimensions changed uniformly among the two diameters and length measured after soaking in a range of mannitol solutions (i.e. deformation was isotropic), whereas Alvarez et al. [4] found that the relative length was affected more by the mannitol solutions than the "average" relative diameter of the samples. Alvarez [15] pointed out that the relative proportion of the vascular tissues to the more tender parenchyma tissues in potato specimens plays a significant role in determining compressive and tensile mechanical properties. Also, stiffness calculated from both small-strain oscillatory shear and uniaxial compression tests has suggested that potato parenchyma is anisotropic and that there is a directional effect on the mechanical properties of potato [1, 11] . The relative proportion of the pith rays to the internal phloem strands in the samples obtained in different directions determines the number of stiffening elements and accounts for the mechanical property values.
Young's modulus was 3.34 MPa using three-point bend tests on rectangular beams of fresh potato [16] . This type of geometry eliminates the need to grip the specimen, which can be prepared and tested in a minimal amount of time [17] . The aim of this study was to determine the effect of combinations of turgor and storage time on Young's modulus and dimensional parameters measured on rectangular beams of potato. Discriminant analysis was used to test for discriminating variables from original parameters with respect to studied effects. The effect of turgor was the main focus of the experiments, though storage time was also considered given that measurements had been carried out periodically.
Materials and methods
Sample preparation. Potatoes (Solanum tuberosum L) cv Maris Piper were acquired from a local supermarket and then transferred to a refrigerator maintained at 4°C with high humidity. Thereafter, six experiments were conducted at 2-4 week intervals over a 12-week period.
Samples for three-point bend tests must be in the shape of rectangular beams. The samples were extracted from the potato tubers using a standard kitchen knife by cutting manually from the tuber slices, nominally 4 mm thick and parallel to the longest tuber axis, samples of length (L) 40 mm, depth (W) 8 mm and breadth (B) 4 mm. Each sample was numbered, and the sample dimensions (length, three depths and three breadths) were measured at marked locations before and after soaking in the different mannitol solutions. Sample dimension measurements were made with dial callipers accurate to 0.025 mm. There were five replicates for each treatment.
Based on preliminary experimentation and the work of Lin and Pitt [2] , eight mannitol concentrations of 0 M to 0.9 M were employed to create hypotonic and hypertonic conditions for potato tissue. Fresh stock mannitol solutions were prepared and kept in a refrigerator for 3 h prior to use. To minimize cell degradation, 0.02 M K 2 HPO 4 and 0.02 M KH 2 PO 4 were used to buffer the mannitol solutions (pH 6.8) [2, 3, 4, 5] . On the basis of preliminary experiments to determine the necessary equilibration time [4] , samples were soaked for 24 h.
Changes in the dimensions of the sample were calculated using the data corresponding to a relative length (RL), an "average" relative depth (RW), and an "average" relative breadth (RB). Thus,
where L, W 1 , W 2 , W 3 and B 1 , B 2 , B 3 , are the lengths, the three depths and the three breadths of the sample, and subscripts a and b refer to after and before soaking respectively.
Three-point bend tests. Tests were carried out using a TA.HD texturometer (Stable Micro Systems, Godalming, UK) fitted with a 50 N load cell. The SENB geometry was used to evaluate the Young's modulus of the potato specimens. The SENB geometry is a well-established test method, which has been extensively used in research on metals and polymeric materials [18, 19, 20] . The distance S between the supports was 32 mm [4, 16, 17] . Each specimen was deformed at a crosshead speed of 120 mm min -1 and the load-displacement data were recorded. Young's modulus E was determined from the following expression:
where P/δ is the initial slope of the load-displacement curve, S the distance between supports, B is the specimen breadth and W the specimen depth [21] . Five replicates were carried out for each mannitol solution and storage time.
Statistical analysis. The effects of osmotic adjustment and storage time on mechanical and dimensional parameters were statistically tested using two-way analysis of variance and the means were compared by least significant difference (99%). Multivariate analysis using stepwise discriminant analysis was carried out using the jack-knife classification with respect to osmotic adjustment and storage time. Statgraphics software version 5.0 (STSC, Rockville, Md., USA) was used in statistical analysis [22] .
Results and discussion
Variability in mechanical and dimensional parameters
The coefficients of variation (CVs) of measurement for Young's modulus and dimensional parameters are shown in Table 1 . As a rule, the variability for Young's modulus was lower when the cells were turgid, increasing significantly at 0.6 M mannitol concentration. This finding can be considered as a first sign of incipient plasmolysis in the cells after soaking in this concentration. Also, variability, in storage modulus from oscillatory shear tests and initial modulus from uniaxial compression tests, was lowest in potato soaked at 3% (w/v) mannitol concentration [1]. The lowest coefficient of variation of Young's modulus was found in unsoaked potato tissue, confirming that the SENB geometry may be readily applied to the study of mechanical properties of fresh potato tissue in common turgor [16] . Again, the variability of the estimated dimensional parameters was lower when the cells were turgid (especially at 0.4 M and 0.5 M). Coefficients of variation for dimensional parameters could not be derived for unsoaked tissue, since values of RL=1, RW=1 and RB=1, meaning isotonic concentration, were taken in unsoaked potato samples [2, 3, 4] . RL was the dimensional parameter that varied least from one mannitol solution to another. Longer storage time at a given turgor pressure did not increase the variability in
